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Edited by Judit OvadiAbstract Escherichia coli ADP-sugar pyrophosphatase (AspP)
is a ‘‘Nudix’’ hydrolase that catalyzes the hydrolytic breakdown
of ADP-glucose linked to glycogen biosynthesis. Moderate in-
creases of AspP activity in the cell are accompanied by signiﬁ-
cant reductions of the glycogen content. In vitro analyses
showed that AspP activity is strongly enhanced by macromolec-
ular crowding and by both glucose-1,6-bisphosphate and nucleo-
tide-sugars, providing a ﬁrst set of indicative evidences that AspP
is a highly regulated enzyme. To our knowledge, AspP is the sole
bacterial enzyme described to date which is activated by both
G1,6P2 and nucleotide-sugars.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Glycogen is a branched homopolysaccharide of a-1,4-linked
glucose subunits with a-1,6-linked glucose at the branching
points. Synthesized in the cytosol by glycogen synthase (GlgA)
using ADP-glucose (ADPG) as the sugar donor nucleotide,
glycogen accumulation in Escherichia coli mainly occurs in
the presence of a carbon source when nutrients such as nitro-
gen, sulfur and phosphorous are deﬁcient [1–3].
Regulation of bacterial glycogen biosynthetic process occur-
ring within the cell involves a complex assemblage of factors
that are adjusted to the physiological status of the cell. At
the level of enzyme regulation, the glycogen biosynthetic pro-Abbreviations: ADPG, ADP-glucose; AGPase, ADPG pyrophosphor-
ylase; AspP, ADP-sugar pyrophosphatase; G1,6P2, glucose-1,6-bis-
phosphate; GlgA, glycogen synthase; IPTG, isopropyl-b-D-
thiogalactopyranoside; PEG, polyethylene glycol; PGM, phosphoglu-
comutase; U, unit of enzyme activity
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doi:10.1016/j.febslet.2007.02.004cess is subjected to allosteric regulation of ADPG pyrophos-
phorylase (AGPase) activity catalyzed by GlgC (EC 2.7.7.27)
by AMP and fructose-1,6-bisphosphate [4]. In E. coli, glycogen
biosynthesis depends on several structural genes that are tan-
domly arranged in the two highly regulated operons, glgBX
and glgCAP [5,6]. In addition, this process appears to be con-
trolled by the monocistronic glgS operon, whose expression is
regulated by both cyclic AMP and the stationary phase sigma
factor [7,8]. These three glycogen operons are down regulated
by the CsrA carbon storage regulator, which acts as an activa-
tor of glycolysis and a potent repressor of both glycogen bio-
synthesis and gluconeogenesis [9–11]. Depending on carbon
source, phosphoglucomutase (PGM, E.C. 2.7.5.1) has been
shown to limit the glycogen biosynthetic process [12,13].
We have reported previously the presence in E. coli of a
cytosolic enzyme, designated as ADP-sugar pyrophosphatase
(AspP, E.C. 3.6.1.21), that catalyses the hydrolytic breakdown
of ADPG to produce AMP and glucose-1-phosphate [14].
AspP is a member of the ‘‘Nudix’’ (Nucleoside diphosphate
linked to some other moiety X) hydrolase family of enzymes
[15] that have been suggested to prevent accumulation of reac-
tive nucleoside diphosphate derivates, cell signalling molecules
or metabolic intermediates by diverting them to metabolic
pathways in response to biochemical and physiological needs.
Changes of the glycogen content as a result of the altered
expression of aspP, also designated as trgB and yqiE [16–18],
showed that AspP has access to the pool of ADPG linked to
glycogen biosynthesis, suggesting that this nucleotide hydro-
lase may play a pivotal role in controlling the glycogen biosyn-
thetic pathway and in connecting it with other metabolic
pathways in response to biochemical needs [14].
Avison et al. [17] have shown that aspP is subjected to the
control of the CreBC two-component system. CreBC also reg-
ulates the expression of genes encoding various essential func-
tions of carbon metabolism such as conversion of acetyl-CoA
into acetate, mobilization of glyceraldehydes-3-phosphate into
the pentose phosphate pathway and maltose transport. There-
fore, it appears that AspP regulation sits right at the heart of
metabolic control in E. coli. As a ﬁrst step to investigate the
possible involvement of AspP in the control of metabolic ﬂux
to glycogen biosynthesis, we have explored the mechanisms
modulating its activity. Results presented in this work provide
a ﬁrst set of evidences pointing to AspP as a highly regulated
enzyme likely playing a regulatory function of the central car-
bon metabolism in E. coli. To our knowledge, this is the ﬁrstblished by Elsevier B.V. All rights reserved.
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Fig. 1. AspP prevents glycogen biosynthesis in E. coli. (A) Iodine
staining of (1) cells transformed with pET-28b(+), (2) cells transformed
with pET-ASPP and (3) DglgCAP cells. Cells were cultured in solid
Kornberg medium supplemented with 50 mM glucose and 0.1 mM
IPTG. (B) Glycogen content (close bars) and AspP activity (open bars)
in stationary cultures of cells transformed with pET-28b(+), cells
transformed with pET-ASPP and DglgCAP cells cultured in liquid M9
minimal medium supplemented with 10 mM glucose in the presence or
in the absence of 1 mM IPTG. aspP-overexpressing cells were grown to
an OD of about 0.6 at 600 nm and then, 1 mM IPTG was added to the
culture medium.2. Materials and methods
2.1. Bacterial strains, plasmids and culture conditions
The bacterial strain used in this work was BL21(DE3). aspP-over-
expressing cells were obtained as described by Moreno-Bruna et al.
[14]. glgCAP insertional mutants (DglgCAP) lacking the whole glyco-
gen biosynthetic machinery were obtained as described by Alonso-
Casaju´s et al. [19]. DNA manipulations were conducted following
the procedures indicated by Ausubel et al. [20]. All plasmid constructs
were propagated in E. coli XL1 Blue grown in LB medium (1% tryp-
tone, 1% NaCl, 0.5% yeast extract) with the appropriate antibiotic
selection. For biochemical analyses, cells were grown at 37 C in liquid
M9 minimal (95 mM Na2HPO4/44 mM KH2PO4/17 mM NaCl/37 mM
NH4Cl/0.1 mM CaCl2/2 mM MgSO4) medium supplemented with the
indicated amounts of glucose and isopropyl-b-D-thiogalactopyrano-
side (IPTG). In every case, the bacteria were grown with rapid gyratory
shaking at 37 C after inoculation with 1 volume of an overnight cul-
ture (OD of 2.5–2.8 at 600 nm) for 50 volumes of fresh medium. At the
indicated periods of culture, cells were centrifuged at 4400 · g for
15 min, rinsed with fresh M9 minimal medium, resuspended in
40 mM Tris–HCl (pH 7.5) and disrupted by sonication. LB medium
was used for routine laboratory cultures. Solid Kornberg medium
was prepared by addition of 1.5% bacteriological agar to liquid Korn-
berg medium (1.1% K2HPO4, 0.85% KH2PO4, 0.6% yeast extract).
2.2. Enzyme assays
The following enzyme activities were assayed at 37 C according to
the accompanying references: AGPase [9]; AspP ([14], but preparations
were previously heated at 58 C during 10 min and assay mixture
contained 1 mMADPG); GlgA [21]. The amount of the protein extract
in the assay mixture was the same in each individual enzymatic
assay. Kinetic parameters such as Km and Vmax were evaluated by
Lineweaver–Burk plots. All kinetic parameters are means of at least
three determinations. The unit (U) of enzyme activity is deﬁned as
the amount of enzyme that catalyzes the production of 1 lmol of prod-
uct per minute.
2.3. Production of recombinant AspP and puriﬁcation
BL21(DE3) cells transformed with pET-ASPP [14] were grown in
100 ml of liquid LB medium to an absorbance at 600 nm of about
0.5 and then 1 mM IPTG was added. After 5 h, cells were centrifuged
at 6000 · g for 15 min. The pelleted bacteria were resuspended in 6 ml
of His-bind binding buﬀer (Novagen), sonicated and centrifuged at
10000 · g for 10 min. The supernatant thus obtained was subjected
to His-bind chromatography (Novagen). The eluted His-tagged AspP
was then rapidly desalted by ultraﬁltration on Centricon YM-10 (Ami-
con, Bedford, MA).
2.4. Analytical procedures
Bacterial growth was followed spectrophotometrically at 600 nm.
Protein content was measured by the Bradford method using a Bio-
Rad prepared reagent. Glycogen was extracted and determined by
using an amyloglucosidase-based test kit (Sigma). Iodine staining of
colonies on solid Kornberg medium was performed following the
method of Romeo et al. [9].
2.5. Reagents
Chemicals and enzymes were purchased from Sigma–Aldrich, St.
Louis, MO.3. Results and discussion
3.1. Moderate increases of AspP activity lead to reducing levels
of glycogen
In consistence with the results of Moreno-Bruna et al. [14],
both iodine stain analyses on solid cultures (Fig. 1A) andquantitative measurement of glycogen content of liquid cul-
tures (Fig. 1B) of both BL21(DE3) cells transformed with
pET-28b and BL21(DE3) cells transformed with pET-ASPP
revealed that aspP-overexpression leads to a glycogen-less phe-
notype similar to that of DglgCAP cells lacking the whole gly-
cogen biosynthetic machinery. Furthermore, a ﬁvefold increase
of the normal AspP activity (occurring in BL21(DE3) cells
transformed with pET-ASPP cultured in the absence of IPTG)
was accompanied by a 70% reduction of the glycogen content
when compared with BL21(DE3) cells transformed with pET-
28b.
Whether AspP can block carbon ﬂux towards glycogen was
further explored by comparing its activity in wild type cells
with those of enzymes responsible for ADPG synthesis and uti-
lization, ie. AGPase and GlgA, respectively. As presented in
Table 1, maximum catalytic AspP activity in crude extracts ex-
ceeds those of AGPase and GlgA, the overall data thus indi-
cating that AspP must be highly regulated to allow glycogen
accumulation.
3.2. AspP activity is enhanced by macromolecular crowding
A characteristic of the interiors of all cells is the high total
concentration of macromolecules they contain. Biological
molecules such as enzymes have evolved to function inside
crowded environments that can induce order-of-magnitude
enhancements in catalytic reaction rates compared to enzymes
Table 1
Activities of ADPG metabolising enzymes in E. coli cell extracts
Enzyme reaction Activity (U/g protein)
AGPase 10.0
GlgA 12.0
AspP 20.4
Cells were cultured in 250 ml of M9 minimal medium supplemented
with 10 mM glucose. After 5 h of culture the cells were rinsed with
fresh M9 medium, resuspended in 2.5 ml of 40 mM Tris–HCl (pH 7.5)
and sonicated. Enzyme activities were subsequently measured as
indicated in Section 2.
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Fig. 2. AspP Nudix hydrolase activity is enhanced macromolecular
crowding agents. (A) Puriﬁed AspP concentration-dependent AspP
speciﬁc activity in the absence (j) or presence (h) of 5% (w/v) PEG
6000. (B) PEG 6000 concentration (w/v) dependent AspP speciﬁc
activity in preparations of 0.4 lg/ml puriﬁed AspP. In the absence of
macromolecular crowding agent, AspP activities were below detection
limit at AspP concentrations lower than 0.4 lg/ml. Essentially the same
results were obtained using PEG 35000 (not shown).
Table 2
Kinetic parameters of 0.4 lg AspP/ml in the absence and in the
presence of PEG 6000, UDPG or G1,6P2
Compound added to
the reaction mixture
Km
(mM)
Vm
(U/mg AspP)
Km/Vm
(U/mg AspP mM)
None 0.8 6.4 8
+PEG 6000 (5%) 0.24 38 158.3
+G1,6P2 (1 mM) 0.64 41 64
+UDPG (1 mM) 0.75 43 57.3
M.T. Mora´n-Zorzano et al. / FEBS Letters 581 (2007) 1035–1040 1037in aqueous solution [22,23]. This striking eﬀect arises from the
reduction in volume obtained when macromolecules bind to
one another. As the number and size of molecules in a solution
increase, the less randomly they can be distributed.
Depending on culture conditions, E. coli cells entering the
stationary growth phase rapidly increase their buoyant den-
sity, decrease free water content and accumulate compatible
solutes that lead to substantial increases in macromolecular
crowding [24–29], strongly aﬀecting both self assembly and
activity of enzymes [30–32], the formation of enzyme com-
plexes and binding to cell structures [33–37]. Despite this
physiological feature of the intracellular environment, charac-
terization of enzymes playing key roles in bacterial glycogen
metabolism has been mostly performed with pure enzymes in
diluted aqueous media, the understanding of the actual prop-
erties of these enzymes under in vivo conditions being limited.
We therefore decided to explore the possible eﬀect of macro-
molecular crowding (more accurately termed the excluded
volume eﬀect) on AspP activity. Towards this end we analysed
changes on speciﬁc activity of puriﬁed AspP as a function of
enzyme concentration in the presence or absence of macromo-
lecular crowding agents.
As shown in Fig. 2A AspP speciﬁc activity was constant (ca.
8 U/mg protein) at protein concentrations ranging between 0.4
and 3.5 lg /ml. In addition, and essentially identical to the case
of other enzymes [33], AspP speciﬁc activity decreased at AspP
concentrations higher than 3.5 lg /ml. Signiﬁcantly, addition
of 5% (w/v) polyethylene glycol (PEG) 6000 exerted a strong
stimulatory action on AspP at protein concentrations ranging
from 0.1 to 1.0 lg/ml, maximum speciﬁc activities of ca. 40 U/
mg AspP being attained at 0.4 lg AspP/ml (Fig. 2A). Essen-
tially similar results were observed using 5% PEG 35000,
whereas 5% PEG 1000 did not exert any appreciable eﬀect
on the speciﬁc activity of AspP (not shown). Kinetic studies
on 0.4 lg AspP/ml revealed that PEG 6000 addition leads to
a 20-fold increase of Vmax/Km (from 8 U mg AspP
1 mM1
to 160 U mg AspP1 mM1) (Table 2). Importantly, and con-
sistent with the idea that changes on macromolecular crowding
may play a role in regulating AspP activity in E. coli, relatively
small changes in PEG 6000 concentration were accompanied
by profound changes in AspP activity (Fig. 2B).
3.3. AspP activity is highly stimulated by both glucose-1,6-
bisphosphate (G1,6P2) and nucleotide-sugars
We explored the possible occurrence of allosteric regulation
of AspP. Preliminary analyses revealed that reducing com-
pounds, Pi, PPi and nucleotides mono- di- and tri-phosphates
exert a null or weak inhibitory eﬀect on AspP (not shown).
Only ammonium molybdate (a well known phosphatase inhib-itor) exerted a marked inhibitory eﬀect on AspP (not shown).
Mg2+ was shown to be absolutely required for optimal activity
and could not be replaced by Mn2+, Ca2+, Co2+ or Mo2+ (not
shown). Glucose, maltose, glucose-6-phosphate, fructose-6-
phosphate, trehalose, fructose-1,6-bisphosphate, amylose and
glycogen did not signiﬁcantly aﬀect AspP activity (not shown).
Remarkably however, G1,6P2 and nucleotide-sugars such as
UDP-glucose, CDP-glucose, GDP-glucose and UDP-glucu-
ronic exerted a strong stimulatory action on AspP activity.
Stimulatory action of both G1,6P2 and nucleotide-sugars on
AspP activity occurred at puriﬁed AspP concentrations ranging
from 0.1 to 1.0 lg/ml (Fig. 3A and Supplemental Figure 1),
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Fig. 3. E. coli AspP is enhanced by both G1,6P2 and nucleotide-
sugars. Puriﬁed AspP concentration-dependent AspP speciﬁc activity
in the absence (h) or presence of 1 mM G1,6P2 (s) or UDP glucose
(d). (A) Puriﬁed E. coli ASPP. (B) Puriﬁed potato ASPP. Recombi-
nant potato ASPP was obtained and puriﬁed as described in [38].
Supplemental Figure 1 illustrates the eﬀect of UDP-glucuronic, CDP
glucose and GDP glucose.
1038 M.T. Mora´n-Zorzano et al. / FEBS Letters 581 (2007) 1035–1040maximum speciﬁc activities of ca. 40 U/mg AspP being attained
at 0.4 lg AspP/ml. Kinetic studies on 0.4 lg AspP/ml revealed
that 1 mM G1,6P2 and 1 mM UDPglucose lead to eight- and
sevenfold increase of Vmax/Km, respectively (Table 2).
We must emphasize that this stimulatory eﬀect of both
G1,6P2 and nucleotide-sugars is intrinsic to E. coli AspP since,
as illustrated in Fig. 3B, these substances do not exert any
stimulatory eﬀect on plant AspPs [38]. It is important to note
that glucose-1-phosphate phosphodismutase (EC 2.7.1.41) (an
enzyme catalyzing the production of G1,6P2) has been shown
to operate in E. coli [39]. It is therefore highly conceivable that
G1,6P2 occurs in the bacterial cell. By contrast, G1,6P2 has not
been found in plants [40], the overall data allowing us to spec-
ulate that in the bacterial system, but not in plants, G1,6P2
may regulate AspP activity. To our knowledge, AspP is the
sole bacterial enzyme described to date which is activated by
both G1,6P2 and nucleotide-sugars.
3.4. Additional remarks
In mammalian cells, G1,6P2 acts as both an intracellular
metabolic signal and as a powerful regulator of carbohydrate
metabolism that stimulates glycolysis and represses glycogen
biosynthesis through its allosteric eﬀect on key metabolic
enzymes [34,41,42]. Compared to the mammalian system,informations on bacterial G1,6P2 production, intracellular lev-
els and function are almost null or scarce. This bisphosphory-
lated hexose acts as both a catalytic intermediate and as a
cofactor of the G6P and G1P interconversion reaction cataly-
sed by PGM [43] which, depending on carbon source, is abso-
lutely required in the synthesis of glycogen, trehalose,
membrane-derived oligosaccharides and bioﬁlm components
such as cellulose, exopolysaccharides and lipopolysaccharides
[12,44–53]. Results presented in this work have shown that,
in vitro, G1,6P2 highly stimulates AspP activity. Whether this
compound plays a relevant role in controlling central carbon
metabolism in E. coli by regulating AspP activity should be
a matter of future investigations.
Signalling via metabolites and macromolecular crowding
may allow cells to regulate target genes and enzymes with sen-
sory function in response to changing environmental condi-
tions. In this respect, the enhancement of AspP activity by
macromolecular crowding and by both G1,6P2 and nucleo-
tide-sugars (some of them acting as intracellular signal mole-
cules such as UDP glucose [54]) evokes the idea that AspP
has potential sensory function and may play a role in prepar-
ing the cells for adverse conditions such as nutrient-poor envi-
ronment occurring during the stationary culture phase and
osmotic stress. Under such circumstances in which glycogen
catabolism becomes important for both energy production
and cell protection, it seems reasonable to speculate that
increasing macromolecular crowding and concentrations of
both G1,6P2 and nucleotide-sugars will enhance AspP activity,
thus repressing glycogen biosynthesis and diverting carbon ﬂux
to other metabolic pathways such as synthesis of trehalose and
cell wall components.
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